A new effective method for fabricating adsorbents using woody biomass in order to reduce bio-waste must be developed. This paper discusses the chemical treatment of woody biomass and reports a new adsorbent with high metal adsorption ability. This adsorbent was prepared by performing three treatments. The first was potassium loading onto woody biomass through impregnation using a potassium carbonate solution. The second was heat treatment at 250 °C to increase the number of metal-capturing groups. The third was nitric acid treatment to remove potassium species. The metal adsorption ability of the resulting adsorbent, measured as the nickel loading, was as high as approximately 8.3 wt%. This adsorbent was heated at 600 °C after nickel loading and it was found that the nickel particles were approximately 3.5 nm in size and highly dispersed in the char. This indicated that the nickel-loaded char had potential to show high activity for biomass tar reforming. 
Introduction
A large amount of waste material such as bark and chips is generated during the production of lumber, increasing the environmental load. This problem is exacerbated by inadequate and inappropriate processing of wastes. Therefore, a new effective method to reduce biowaste must be developed. In this paper, we propose a new effective way to utilize woody biomass, which is to use it as an adsorbent for nickel. The nickel-adsorbed biomass could be used as a biomass tar reforming catalyst in biomass gasification.
Biomass gasification is an attractive process for the production of combustible gases. However, woody biomass has a high oxygen content, which leads to a lower calorific value compared to that of fossil resources; hence, in order to obtain energy effectively, it is necessary to gasify woody biomass at low temperatures. However, a large amount of tar is generated in low-temperature gasification processes, which results in operational problems such as pipeline blockage; therefore, in order to decompose the tar, a highly active catalyst is essential.
We have developed nickel-loaded lignite char with high metal adsorption ability for tar reforming 1) ～ 7)
. This catalyst showed high activity for tar reforming and could be prepared at a low cost; however, lignite is prone to spontaneous combustion, and therefore, it is unfit for transport. Thus, other inexpensive metal adsorbents with better handling properties are needed. Woody biomass is one of the candidates for a metal adsorbent material; however, it has low metal adsorption ability compared to Original Paper that of lignite. To overcome this drawback, in this study, we subjected woody biomass to chemical treatments in order to develop a new adsorbent with high metal adsorption ability.
In order to enhance the metal adsorption ability of biomass, it is necessary to introduce functional groups to capture the metals. Carboxyl and sulfonic groups are known for their metal-capturing ability, and hence, commercially available cation exchange resins utilize these functional groups. It is better to introduce carboxyl groups into biomass than to introduce sulfonic groups because the sulfonic group has a greater negative impact on the environment owing to the presence of sulfur. To introduce carboxyl groups, the biomass should be oxidized, and this can be accomplished through heat treatment in a carbon dioxide atmosphere as shown below 8) .
Here, Cf is the empty active site in the carbon substrate.
The catalytic dissociation of carbon dioxide by a loaded metal such as potassium is shown below 9)
. CO2 + Kx Oy ← → CO + Kx Oy+1
Therefore, the combination of heat treatment and potassium loading results in the formation of carboxyl groups that can capture metals easily. In this study, a comprehensive investigation was conducted to determine the effect of the combination of these treatments on metal adsorption ability and the condition of the metals after charring.
Experimental

Materials
We used conifer chips as woody biomass (WB). WB was ground to less than 2 mm in size. The results of the proximate and ultimate analyses of the WB are shown in Table 1 . K2CO3 and Ni(NO3)2 solutions were prepared for the loading of K and Ni on samples. The metal concentration and pH of each solution are shown in Table 2 .
Methods
Pretreatment of WB
Approximately 3 g of WB was added to 50 mL of the K2CO3 solution, and the resulting solution was stirred for 4 h at room temperature. It was then vacuum filtered and the residue was dried at 107 °C for 1 h to afford the K-treated sample. The K loading of this sample was 5.22 wt%, as measured using inductively coupled plasma optical emission spectrometry (ICP-OES, Hitachi High-Tech Science: PS3520UV-DD). The K-treated sample was heated in a ceramic electric furnace (Asahi Rika: ARF-40KC) at specified temperatures (200, 250, 300, and 350 °C) for 1 h using a quartz tube (length: 500 mm, inner diameter: 36 mm, thickness: 4 mm). The flow gas in the reactor can either be CO2 or Ar, and the flow rate was 100 mL/min.
This heat-treated sample was added to 50 mL of a 1 M HNO3 solution, and the resulting solution was stirred for 4 h at room temperature to remove K species. The mixture was vacuum filtered and the residue was dried at 107 °C for 1 h to afford the sample to be loaded with Ni. The sample codes are shown in Table 3 .
Nickel loading and preparation of char
To adjust the pH, 50 mL of 28% aqueous ammonia was added to 20 mL of the Ni(NO3)2 solution. The pH of the above solution was 13.4. The pretreated WB was added to the above solution, and the resulting solution was stirred for 4 h at room temperature. In order that only a negligible amount of Ni was physically adhered to the sample surface, it was rinsed with deionized water, vacuum filtered, and dried at 107 °C for 1 h to provide the Ni-loaded sample (for example, Ni/WB).
Ni/KH(250) was charred by heating it at 600 °C for 
Characterization
The amount of Ni on a prepared sample was measured using ICP-OES as follows. Each sample was added to a 0.1 M HNO3 solution, and the resulting solution was stirred for 1 h at room temperature and then vacuum filtered twice to provide the acidic extract. The extract solution was analyzed using ICP-OES to measure the amount of Ni. The Ni loading was calculated as follows. eV. The crystalline structure of Ni in the char was analyzed using X-ray diffraction (XRD) (PANalytical: Empyrean). The
Ni particle size distribution was analyzed using small-angle X-ray scattering measurements. The surface morphology of the char was observed using field emission scanning electron microscopy (FE-SEM) (JEOL: JSM-7800F).
Results and discussion
3.1 Effect of processing conditions on nickel loading (3) nitric acid treatment.
Nickel-loading mechanism
To confirm that the loaded Ni is chemically adsorbed to oxygen functional groups via ion exchange, FT-IR spectra were measured. , respectively.
These peaks were assigned to carboxyl groups because a previous study had reported that the carboxyl group peak appears in the 1500-1800 cm − 1 range 11) . For example, the carboxyl groups in Australian Loy Yang lignite correspond to a peak at 1718 cm
. In the cases of Ni-loaded samples (Ni/WB and Ni/KH(250)), the intensities of the absorption . Fig. 4 shows the XPS spectra of WB, Ni/WB, KH(250), and Ni/KH(250). The C1s spectra of all samples (Fig. 4(a) ) showed a peak at 284.4 eV, which was assigned to C-C bonds, and a shoulder at above 284.4 eV, which was assigned to C-O bonds (oxygen functional groups) 15) . A change in the peak of the carboxyl group at 288.8 eV due
to Ni loading could not be observed in the XPS spectra, in contrast to the results of FT-IR analysis. This was because the various peaks in the spectra overlapped owing to the complexity of the structures of WB and KH(250). In the N1s spectra (Fig. 4(b) ), a peak was observed only for Ni/ KH(250). This result indicates that the Ni-loading in KH (250) involved nitrogen species. The Ni2p spectra (Fig. 4(c) )
showed that nickel species were loaded on WB and KH (250) in Ni/WB and Ni/KH(250). 
In this study, based on the FT-IR and XPS results, the Ni-loading mechanism can be given by formula (5) . They reported that Ni particles with a diameter of 6-7 nm were formed predominantly when 9.2 wt% Ni-loaded lignite was heattreated at 600 °C 18) . The Ni-loaded lignite char showed catalytic activity for tar reforming in waste biomass gasification. Therefore, it can be suggested that the Ni/ KH(250) char prepared in this study will show high activity for tar reforming when used as a biomass tar reforming catalyst. The Ni-loaded biomass char will be utilized in our future work.
Conclusions
In this study, we aimed to develop a new adsorbent with high metal adsorption ability by chemically treating woody biomass. This involved treatment with a potassium carbonate solution, followed by heat treatment at 250 °C, and finally nitric acid treatment. This helped in the development of an adsorbent with metal adsorption ability as high as 8.3 wt% nickel loading. In addition, this adsorbent was heated after nickel loading; nickel particles approximately 3.5 nm in size were found to be highly dispersed on the char. Thus, the adsorbent prepared in this study can be used in various applications, such as the recovery of valuable metals, removal of hazardous metals, carrier of catalytic metals, and production of metal particles.
